 Abstract-This paper reviews the design process of a bipropellant space propulsion thruster to output 80N nominal thrust. The thrust chamber design problem of a space propulsion system is a complex and time consuming process. This is mainly due to performance constraints and high temperature flow requirements. These facts along with the specific geometry of the thrust chamber, make the fluid computations and structure analysis so difficult, particularly in terms of the thermal and force stresses. CFD and FEA are useful methods that helped to overcome these difficulties. Therefore, the thruster was successfully designed using ideal rocket equations and the design was successfully confirmed using CFD and FEA.
I. INTRODUCTION
Liquid propulsion systems are the most popular form of space propulsion when relatively high specific impulse and thrust are required [1] . As telecommunication satellites become larger and longer-lived as a result of the launch capability provided by more efficient launch vehicles, integrated liquid bi-propellant propulsion systems will replace solid propellant motor/liquid monopropellant thruster propulsion systems for apogee and on-orbit maneuvers [2] .
Design process of liquid propulsion system is still a challenging and labor-intensive process. The performance of a liquid propulsion system depends greatly on different variables such as the chamber pressure and oxidizer-tofuel mass ratio. In the preliminary design of a liquid propulsion system, these last design parameters are determined by system analysis that considers the design  Manuscript received July 15, 2015; revised December 17, 2015.
requirements and constraints [3] . The qualitative or subjective decision-making for the conceptual phase of design of space propulsion system are used traditionally [4] .
Designing the thrust chamber as the main part of bipropellant engines requires to identify the specific engine operation parameters. The main objective is to produce the desired thrust and increase the specific impulse by improving energetic parameters of engine. Selecting more energetic propellant combinations, increasing working pressure and choosing an optimal oxidizer-to-fuel ratio are common methods to increase the specific impulse; all of them require new strategies to increase chamber tolerance to the increased heat created during combustion and this will need to the practical solutions to predict and calculate exact critical values (like maximum temperature) in the thrust chamber.
The present computational research developed and validated a propulsion system design strategy for liquid propulsion systems to satisfy the required thrust under performance and structural constraints. The results obtained show that the proposed method provides an effective way to obtain fluid variables and structure deflections and stresses using both Computational Fluid Dynamic (CFD) and Finite Element Analysis (FEA) methods along with analytical computations in order to design thrust chamber for bi-propellant thrusters. Thus, the paper reviews the design process of a bi-propellant thruster. This thruster is designed to use MMH&N2O4 propellants while providing a minimum thrust of 80N [5] . chamber's total volume and capacity [5] . Cylindrical combustion chambers satisfactorily provide suitable combustion, performance, stability of operation and reliable internal cooling. Geometry of a thrust chamber consist of a combustion chamber and a divergentconvergent nozzle that is shown in Fig. 1 . In order to design and produce such combustion chamber, the combustion chamber volume, length of cylindrical part, chamber's diameter and the nozzle inlet length must be determined. Figure 1 . Geometry of a sample thrust chamber [5] .
A. Geometrical Calculations and Combustion Chamber
Profile. A typical combustion chamber profile, is shown in Fig.  1 . After calculating the circular area at each section (nozzle exit, throat and combustion chamber), by using dynamic gas calculations (24-31), other dimensions can be calculated by using (1-18) [5] .
( 1 )
where d t is the throat diameter, R cc is the combusion chamber radius and R 1 and R 2 are shown in Fig. 1 . ρ is a constants value that will be change with respect to combustion chamber pressure. Combustion chamber volume can be calculated by using the method of equivalent combustion length L* (3-12) [5] :
 
Recent variables are shown in Fig. 1 .
B. Nozzle
The nozzle will increase the velocity and decrease the pressure of combustion products. Cone-shape, Delavalshape (Trimmed bell) and Bell-shape are common nozzle configurations. Most of space thruster nozzles are bellshaped convergent-divergent nozzles [1] and the main variables are calculated according to (13-16) [5] .
where r 1 , r 2 , r t and β m are shown in Fig. 2 . λ is the efficiency of the nozzle and β a is the cone half angle. The length of divergence part in a conical nozzle is calculated according to (17) [5] : Conical nozzle with a 15 o half angle, due to suitable compromise between weight, length and operation, is known as a standard nozzle. Bell nozzles of the same length have better performance compare to cone nozzles with a 15 o cone angle [1] . Bell nozzles analysis require complex calculations using computational fluid dynamic method based on the methods of characteristics [6] . However, in order to design the nozzle profile for bell nozzles, parabolic approximation can be used with a good precision [7] . This approach offers good answers, therefore the characteristics method used rarely to design the nozzle. The bell nozzles provide more efficiency compared to conical ones [8] . Using a parabolic approximation, for the bell profile of the nozzle, provide near optimum design to produce maximum thrust, which is proposed by Rao [9] . The configuration that used the parabolic approximation, is shown in Fig. 1 . Equations (18-23) can be used to design the bell nozzle parabolic profile. The constant value of a and the nozzle length L n , can be calculated by using (20-21). Finally, the nozzle length (L n ) and nozzle contour will be calculated according to (22) (23) 
III. GAS DYNAMIC CALCULATIONS AND THRUSTER SIZING
Thruster design and sizing consisted of several considerations; ambient pressure, chamber pressure, desired thrust and propellants combination are some of them. Exit velocity and exit pressure, determine the amount of thrust that the thrust chamber would produce. Chamber pressure affected the combustion characteristics and the required strengths of the thruster (wall thickness) and components such as valves and piping. Sizing started with the ideal rocket equations (24-31) [1] :
T mV P P A    where m o is the total mass flow rate, T is the engine thrust, I sp is the specific impulse and P i , T i , M i , A i and V i are pressure, temperature, mach number, area and velocity in each section, respectively.
IV. RESULTS AND DISCUSSION
Most calculations to formulate the design problem of space propulsion system related to the design of the thrust chamber. This includes gas dynamic equations to calculate flow parameters and geometric equations to calculate the geometric parameters of the thrust chamber. The equations used in this section were extracted from different sources and some are based on experimental relationships. Thus, validation of these equations is necessary. The results of a real space propulsion system were considered as an evaluation index. The real propulsion system chosen was produced by Kaiser Marquardt (KM) [1] . Mission requirements and type of propellant were selected as defined in the KM catalog to integrate the initial conditions of the design.
The KM propulsion system considered an 80N thrust attitude control thruster. Since the outside ambient is considered to be vacuum, the outlet pressure is assumed to be zero. The platform utilizes a conventional MMH/NTO bi-propellant propulsion system to provide the necessary delta-V for transfer orbit maneuvers or station keeping. The governing equations were validated against the KM real case design data. The results are shown in Table  I . A comparison of results shows that the governing equations were able to calculate performance and geometric parameters adequately.
A. CFD-FEA Results
The FEA analysis indicates that the maximum deflection of a 2.8mm thick wall, would be 1.06×10 -4 mm. This deflection would occur towards the exit nozzle area and less deflection would occur where the thruster is fix supported in the beginning (Fig. 3) . To consider whether this deflection is acceptable, the stress values on the combustion chamber were examined. The next FEA model that was produced during the analysis was the stress model. Fig. 4 shows maximum
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stress locations and various stress concentration throughout the model. One noticeable feature is that the location of the maximum stress of 1.6×10 6 pa occurs in the combustion chamber and throat, which is well below the yield stress of niobium, even when greatly heated. CFD was used to check the calculated velocity of the flow at the thruster outlet. A numerical analysis was performed on the proposed bi-propellant thruster. The introduced gas to the model, had an initial pressure and temperature of 12bar and 2600 o K respectively. The outlet of the thruster had a final temperature of 1100 o K and a final pressure of 0bar. Fig . 5 shows the velocity contour inside the thruster. The result of the CFD model shows that the exit velocity reached a value of 3100m/s with an average velocity of 350m/s inside the combustion chamber. However, it is important to know that the CFD code used in this study does not take into consideration the combustion that is occurring inside the chamber that would cause both temperature and velocity rise as a result of the chemical reaction. Knowing the exact pressure and velocity would require extensive research and program to determine the effects of the combustion on the gas particles inside the thruster. However, for this experiment the CFD model was used to give a rough estimate to the exit velocity. Therefore, a more precise model was not crucial for the experiment. From the CFD model, the exit velocity of 3100 m/s is very similar to the calculated velocity that is discussed in greater depth in the analytical based calculations. The CFD analysis also modeled the pressure decrease inside the thruster as the flow exited the nozzle. Fig. 6 illustrates the static pressure contour. The result of the CFD model shows that the exit static pressure reached ambient pressure with an average static pressure inside the combustion chamber having 12.36bar. 
V. CONCLUSION
Comparing the CFD results to analytical ones concluded that the results of computer models reasonably agreed with analytical calculations; having a maximum 6 % difference between the numerical and analytical values. The velocities of the inlet and outlet of the nozzle were analytically calculated by knowing the geometry, temperature, and pressure that would enter and exit the nozzle. Thus, in order to design the nozzle profile for bell nozzles, parabolic approximation can be used with a good precision. This approach offers good answers, therefore the characteristics method used rarely to design the nozzle.
